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Inadequate delivery of nutrients results in intrauterine growth restriction (IUGR), which is a leading cause of
neonatal morbidity and mortality in livestock. In ruminants, inadequate nutrition during pregnancy is often
prevalent due to frequent utilization of exensive forage based grazing systems, making them highly susceptible to
changes in nutrient quality and availability. Delivery of nutrients to the fetus is dependent on a number of critical
factors including placental growth and development, utero-placental blood flow, nutrient availability, and placental
metabolism and transport capacity. Previous findings from our laboratory and others, highlight essential roles for
amino acids and their metabolites in supporting normal fetal growth and development, as well as the critical role
for amino acid transporters in nutrient delivery to the fetus. The focus of this review will be on the role of maternal
nutrition on placental form and function as a regulator of fetal development in ruminants.
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It is widely accepted that maternal nutrient restriction
during gestation results in offspring that are smaller at
birth than counterparts from adequately fed mothers
[1-4]. Sub-optimal fetal growth and development is a
significant problem to livestock producers, contributing
to lower productivity especially during periods of ex-
treme nutritional hardship such as drought. The ability
of the placenta to adapt to such environmental chal-
lenges influences nutrient transport to and development
of the fetus. Understanding such differences will lead to
elucidation of mechanisms for enhancing placental nu-
trient transport that will be necessary for generation of
management strategies to combat fetal and neonatal
loss.
In sheep, increasing the efficiency of livestock produc-
tion can be more readily achieved by increasing the aver-
age number of offspring weaned than by improving
growth rate or body composition [5]. Nearly one-half of
all pre-weaning lamb deaths occur on the day of birth
[6] with birth weight being the single greatest contribu-
tor to lamb mortality [7]. Even under moderate levels of
management, death losses of more than 65% for lambs* Correspondence: kdunlap@tamu.edu
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unless otherwise stated.weighing less than 4 pounds at birth have been observed
[8]. In comparison, lambs born weighing between 9 and
12 pounds exhibited losses of 6.4 to 8.1%. In cattle, ana-
lyses of over 83,000 births indicated that birth weight >1.5
standard deviations below the mean, within breed and sex,
doubled the likelihood for perinatal mortality in both
complicated and uncomplicated pregnancies [9]. The pre-
natal growth trajectory of all eutherians (placental mam-
mals) is sensitive to the direct and indirect effects of
maternal nutrition at all stages between oocyte maturation
and birth [10-12].Fetal nutrient restriction
Pregnancy is a particularly sensitive period to environ-
mental challenges that lead to suboptimal nutritional
availability to the fetus due to the increased nutrient re-
quirements for the dam and fetus. In cases of suboptimal
nutrition the fetus may never be able to reach its max-
imal genetic potential [13]. Epidemiological studies have
demonstrated links between maternal undernutrition/
overnutrition and the susceptibility to chronic metabolic
disease in adult offspring [14]. Metabolic syndrome has
been defined as a cluster of disorders, including obesity,
hyperglycemia [fasting serum glucose (>6.1 mmol/L)],
hyperinsulinemia, hyperlipidemia, hypertension, and in-
sulin resistance (impaired response of cells or tissues to. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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demiological observations have been recapitulated in
controlled experimental studies using a variety of model
systems, and have collectively given rise to the concept
of fetal programming [16]. Fetal programming proposes
that alterations in fetal nutrition and endocrine status
impacts development, permanently changes structure
and metabolism and, as a result, influences an individ-
ual’s susceptibility to disease [17]. Many of these changes
are potentially mediated at the level of the epigenome,
and are observed as stable and sometimes heritable alter-
ations of genes through covalent modifications of DNA
and core histones without changes in DNA sequences [18].
Maternal nutrition is arguably the most important and
potentially manageable factor that contributes to preg-
nancy and maternal health [19]. Livestock species are
produced in different environmental conditions. Swine are
commonly produced in a confinement setting and are fed
specifically formulated plant based diets (intensive
systems). On the other hand ruminants, such as cattle
and sheep, are more commonly managed under graz-
ing systems. However, the quality of the grazing sys-
tem is directly dependent on availability of nutrients,
which is usually limited during the winter months
and times of dry conditions. Thus nutrient availability
may be limited for adequate growth and development
as well as proper gestation and lactation [20]. The
sheep, in particular, is a seasonal breeder that enters
estrus in fall and early winter. Therefore, most of ges-
tation occurs in the winter months, a time of low for-
age quality and limited nutrient availability [21]. In
fact, Thomas and Knott reported, that without sup-
plementation, the nutrient consumption of grazing
ewes in the Western United States is often less than
50% of the National Research Council (NRC) recom-
mendations (Council NR. Nutrient Requirements of
Sheep. Washington, DC: Natl. Acad. Press; 1985.) In
ruminants, IUGR remains a critical problem due to
the traditional utilization of extensive forage based
grazing systems which leaves the producer susceptible
to large swings in nutrient quality and availability,
coupled with challenges in feeding of supplemental
nutrients in range based production systems [22]. Re-
searchers and producers alike are working to find efficient
and non-invasive means for preventing the continuous oc-
currence of IUGR and premature delivery. Thus nutri-
tional means are an attractive option for non-invasive
prevention. In order to fully utilize nutritional intervention
one must understand the mechanisms by which nutrition
mediates fetal growth.
Simplistically, it is easy to predict that more offspring
lead to more total livestock product, and ultimately
greater profit for the producer. Certainly, recent ad-
vances in the field of reproductive technologies, such asembryo transfer, have tested this theory. One would be
quick to hypothesize that producing twins in cattle
would be an easy way to increase profit; as the overhead
costs for maintaining a single-calving cow accounts for
more than 50% of the total costs of production [23].
Thus, one would assume that by doubling the amount of
offspring produced by a single cow this would offer posi-
tive financial gains. However, this hypothesis does not
recognize the impact of maternal reproductive health
and adequate uterine space as well as management of a
cow with two calves after birth. Cows that carry twins
lose on average 12% body weight during the last trimes-
ter of gestation and twinning also reduces fetal growth
and consequent birth weight of offspring. This could
lead to decrease weight at sale. Thus, careful consider-
ation must be demonstrated in analyzing enhanced pro-
duction technologies. The sheep industry displays a
similar situational paradigm. Under ideal environmental
and management conditions multiple offspring pregnan-
cies increase the prolificacy of the species. However, it is
important to note, that increased number of fetuses can
contribute to placental insufficiencies and thus lower
birth weights [24]. As mentioned, prolificacy is an im-
portant factor in intensive sheep production, however
the economic benefits of high prolificacy ewes are usu-
ally not fully exploited because multi-fetal pregnancies
are associated with IUGR, increasing perinatal mortality
and altering postnatal growth trajectories.
Other natural factors can affect birth weight in sheep,
such as maternal age. Lambs born to relatively young
ewes and relatively old ewes generally possess lower
birth weights [25]. In young animals the fetus is in direct
competition for nutrients with the growing dam as op-
posed to older ewe, which typically have reduced body
condition scores, and thus may struggle to balance the
nutritional needs for survival as opposed to growth. Fe-
male body condition at mating may also influence fetal
development, as ewes that were lighter and thinner at
mating, and thus exhibited low nutrient intake, had
lambs with an associated 13% decreased birth weight
[26]. Seasonality can also be an indicator of birth weight.
Lambs born in the fall and summer are generally lighter
than those born in the spring and winter; which can pos-
sibly be explained by alterations in melatonin and seasonal
effects on gestation. Additionally, gestation occurring in
the warmer months where ewes shuttle blood flow to the
periphery of the body to dissipate heat rather than to the
core could ultimately decrease placental blood flow and
placental growth [27].
Altitude is another factor that affects birth weights.
Offspring that are born at high altitude may experience
hypobaric hypoxia and be lighter than those born at a
lower altitude. Heat stress is a primary concern in cattle
production, particularly relevant to the dairy industry.
Dunlap et al. Journal of Animal Science and Biotechnology  (2015) 6:16 Page 3 of 10Heat stress has been shown to reduce placental weight
and mass [28-30] while also negatively impacting the
hormonal properties of the placenta, having decreased
levels of placental lactogen and pregnancy associated
glycoprotein [29,31].
All of these situations can ultimately lead to IUGR off-
spring who possess reduced survival ability [25]. Ultim-
ately, the hypothesis is that exposure to any of these
challenges may cause alterations in fetal growth stemming
from a hindrance of the placental growth trajectory.
Placental formation
The placenta mediates the transport of nutrients, gases,
and waste products of their metabolism between the ma-
ternal and fetal circulation [22]. Placental growth pre-
cedes fetal growth and its development is crucial for
optimal fetal growth [32-34]. The placenta has two evo-
lutionary roles conserved among all species. The first is
it generates a large surface area for nutrient exchange by
the epithelial barrier and fetal blood vessels, all of which
make up the chorioallantoic placenta. The second basic
function is that the trophoblast cells interact closely with
the uterus, which produces histotroph that provides key
growth factors, nutrients, and immune cell regulators
necessary to facilitate blood flow and nutrient delivery to
the fetus [35]. In addition to the presence of secretory
uterine glands, the ruminant uterus is also home to a
number of aglandular areas of stroma that are covered
by a single layer of luminal epithelial cells, which are
termed caruncles. The number of caruncles varies be-
tween species, with sheep having approximately 100 and
deer less than 10 and cattle ranging between 75–125
[32,36]. During pregnancy the carunclar crypts will
interdigitate with the fetal cotyledonary villi to give rise
to a feto-maternal structure known as a placentome,
which is the structure responsible for high-throughput
nutrient transfer between the uterus and the fetus [37].
Failure of placentome development results in loss of the
fetus [38], because they provide the primary source of
hematotrophic nutrition as maternal and fetal blood ves-
sels are in very close proximity for exchanging oxygen
and micronutrients [39]. Vascularization of the placen-
tomes is established early in gestation, which is to be ex-
pected as the majority of placental growth occurs during
the first half of pregnancy [34]. Increased microvascular
density, interdigitation and alterations in villous shape
are potential mechanisms by which the placentome
adapts to the maternal environment to meet the growing
demands of the fetus [40]. As these structures are re-
sponsible for an increasing percentage of blood flow
throughout gestation it is not surprising that they continue
to experience modest changes in capillary area density
from mid to late gestation [41,42]. As stated, failure of pla-
centome formation results in loss of pregnancy, however asurgical reduction in the number of caruncles results in an
increase in the average size of placentomes [43]. This may
prove to be a compensatory mechanism by which the
uterus and placentomes work to provide support required
for fetal development. In the bovine uterus a relatively
small number (20) of cotyledons are first visible on the
fetal placental membrane as early as day 37 of pregnancy,
however that number has tripled by day 50 and the begin-
ning of a caruncular- cotyledonary interrelationship is
clearly present [44,45]. By day 90 of pregnancy there are
greater than 100 placentomes present in the bovine
uterus, each possessing a characteristic mushroom-like
shape, rooted with a stalk like structure stemming from
the original caruncle [46]. Similarly, by gestational day 40
in the sheep and the goat, there is maximal juxtaposition
of endometrial and placental microvasculatures [35,47].
As pregnancy progresses and the placentome continues to
develop, the principal layers of the fetal capillary, tropho-
blast epithelium, crypt lining, and maternal capillary remain
distinctive [47]. The general morphological characteristics
of the placentomes are maintained as pregnancy progresses
with the degree of interdigitation of the tissues becoming
greater.
A great deal of research has been conducted in the
ewe with respect to the interaction with nutrition and
placental development and morphology. Recognizing
that placental development is a major indicator of birth
weight, researchers have found an ever occurring com-
monality among studies: the morphology of the placenta
is altered under nutrient scarce conditions, with the
most notable change being increased development of the
fetal cotyledon. This change is thought to reflect an
adaptive compensatory response to maximize transpla-
cental exchange and thus fetal growth [48-50]. In ovine
models of nutritionally induced fetal growth restriction
there is an inverse relationship between nutritional plane
and fetal vascular development [3,51,52]. These morpho-
logical changes are expected to diminish fetal development
through altered availability of hematotrophic support.
Placental blood flow
During pregnancy, transport of nutrients from the
mother to the fetus is predominantly dependent on uter-
ine blood flow. Indeed, fetal and placental weights and
uterine blood flow are highly correlative. In addition,
factors that alter fetal weight such as genotype, maternal
nutrient intake, environmental heat stress, high altitude,
and fecundity, result in parallel alterations in placental
weight and uterine blood flow [53]. In the sheep, uterine
and placental blood flows progress in a non-linear pat-
tern with an early rise in blood flow between days 40–70
as the placental cotyledon develops and a second in-
crease in flow between days 120–140 [54]. This early rise
in blood flow is likely critical in the development of a
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flow to the gravid uterus is directed to the placentome
[55]. A critical regulator for vascular permeability, blood
flow, and capillary growth is the angiogenic factor, vas-
cular endothelial growth factor (VEGF). In the develop-
ing bovine placentome, VEGF and its receptors FLT1
and KDR are abundantly expressed [56]. Specifically
VEGF is present in the trophoblast giant cells, fetal
endothelia and maternal endothelia, which also ex-
presses high amounts of FLT and KDR antigen. The
sheep exhibits a similar pattern of expression with pla-
cental VEGF mRNA present in both the fetal and mater-
nal endothelia as well as the chorionic epithelium [57].
Placental expression of VEGF and the receptors in a
model of placental insufficiency-intrauterine growth re-
tardation (PI-IUGR) indicates that placental growth, as
indicated by weight, ceases at day 90 of pregnancy in the
sheep and declines to term [58]. However, placental
transport capacity continues to increase to meet the re-
quirements of the exponentially growing fetus as evi-
denced by the late rise in uterine blood flow during the
latter stages of gestation [59]. Importantly, the ability to
respond to the increased demand for nutrients during
late gestation can be undermined by poor placental de-
velopment earlier in gestation. In the sheep, maternal
undernutrition results in a 14% decrease in caruncular
capillary area density in late pregnancy [53]. Mid-
gestational nutrient restriction in the sheep results
in a decreased abundance of mRNA encoding VEGF
in placentomes [60]. These morphological and vascular
changes reduce hematotrophic support and diminish fetal
development. Changes in microvascular density and vessel
diameter are also commonly found in compromised preg-
nancy [51,61,62].
Placental fluids
The ruminant placenta is comprised of two distinct
fluid-filled membranes: the amnion and allantois, which
act as reservoirs for nutrients that are essential for fetal
growth and development [63-65]. Maternal nutrient re-
striction during mid pregnancy in sheep results in de-
creased allantoic and amniotic fluid volume [60]. In
sheep, fetal growth retardation, induced by maternal nu-
trient restriction is associated with decreased quantities
of serine, α-amino acids, arginine family amino acids,
and branched chain amino acids in both amniotic and
allantoic fluid [1,2]. Arginine and its precursor, citrulline,
are abundant in ovine uterine fluids [66]. Swallowing of
amniotic fluid provides a rich source of nutrients for
utilization by the fetal intestine and other tissues [67].
Prevention of amniotic fluid entry into the small intes-
tine by esophageal ligation results in fetal IUGR in sheep
[63]. Allantoic fluid is primarily derived from placental
transport mechanisms [68] and in sheep, the volumeincreases in early gestation (days 25–40) before decreas-
ing briefly (days 40–70) prior to increasing steadily until
near term (day 140) [32]. It is now clear that allantoic
fluid nutrients may be absorbed by the allantoic epithe-
lium into the fetal-placental circulation and utilized by
fetal-placental tissues [68]. The allantoic fluid during
early to mid-gestation in the sheep is an abundant
source of arginine and polyamines [69]. Allantoic fluid is
also a reservoir for both glucose and fructose in the
sheep, and both concentrations and total levels of fruc-
tose are much greater than that of glucose and change
significantly with day of gestation [32].
Placental nutrient transport
Placental nutrient transport is required for fetal growth
[70,71]. Realizing that most fetal growth occurs during
the final third of pregnancy, the development of the pla-
cental networks regulating transfer must precede that
time point [40]. Although placental blood flow is im-
perative for optimal nutrient delivery, expression and/or
activity of specific transporters is the rate limiting step
for delivery of many nutrients, including glucose and
amino acids [72]. Numerous environmental factors, such
as, under- and over- nutrition, hypoxia, heat stress, and
hormone exposure may regulate activity of both glucose
and amino acid transporters in the placenta [73-79]. In
other species, compromised pregnancies are associated
with specific alterations in transporter availability and
function [77,80]. In rats maternal dietary protein depri-
vation results in down regulation of placental amino acid
transport systems prior to the emergence of fetal growth
restriction [81]. In sheep, maternal infusion of mixed
amino acids results in variable changes in umbilical uptake
depending on the amino acid [71] highlighting a complex
system of amino acid transport likely involving transporter
availability, capacity, promiscuity, affinity, and compe-
tition. Sheep models of placental insufficiency induced by
heat stress, indicate that umbilical uptake of essential
amino acids is reduced, however fetal amino acid concen-
trations are unaltered compared to controls [82]. To date,
the literature regarding the effect of maternal nutrient re-
striction on placental transporter availability and function
is limited.
Select nutrients and fetal growth
Fetal growth and metabolism is dependent upon glucose
as it is the primary energy substrate for the placenta and
fetus and supplied by the maternal bloodstream [83]. As
the fetus grows, so does its rate of absolute glucose
utilization and thereby the placental rate of glucose
transfer must increase accordingly. Changes in maternal
glucose levels and/or rate of placental transfer require
the fetus to adapt metabolically to maintain consistent
levels for its trajectory of development [83]. Fructose,
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centa, also appears to play a role in pregnancy in the
sheep, perhaps as a mediator of the mammalian target of
rapamycin (MTOR) cell signaling pathway [32,84,85].
It is established that amino acids play a vital role in de-
velopment of the conceptus (embryo/fetus and associ-
ated placental membranes). In addition to serving as
building blocks for tissue protein synthesis, amino acids
function as antioxidants, regulators of hormone secre-
tion, major fuels for fetal growth, and cell signaling mol-
ecules [86,87]. Amino acids are also essential precursors
for the synthesis of non-protein substances with bio-
logical importance, including nitric oxide, polyamines,
neurotransmitters, amino sugars, purine and pyrimidine
nucleotides, creatine, carnitine, porphyrins, melatonin,
melanin, and sphingolipids [88,89]. Nitric oxide (NO), a
product of arginine catabolism, plays a crucial role in
regulating placental angiogenesis and fetal-placental blood
flow during gestation [90-92]. Polyamines (polycationic
molecules synthesized from ornithine) regulate gene ex-
pression, signal transduction, ion channel function, and
DNA and protein synthesis, as well as cell proliferation,
differentiation, and function [87]. It should be noted
that a comprehensive series of studies investigating the
role of select nutrients and their transporters in the
developing ruminant conceptus during the early peri-
implantation period have been published [66,93-98],
however discussion of these studies is beyond the scope
of this review.
Studies from our laboratories have previously shown
that maternal nutrient restriction results in the reduction
of amino acids and polyamines in fetal umbilical venous
plasma as well as amniotic and allantoic fluid [1,2]. Inter-
estingly, inhibition of ornithine decarboxylase (ODC),
which converts ornithine to putrescine (a polyamine), dur-
ing mid-pregnancy in mice results in embryonic growth
arrest and impaired development of the yolk sac and pla-
centae [99], while gene ablation results in embryonic le-
thality prior to gastrulation [100]. In rats, inhibition of
ODC activity results in fetal IUGR as well as a reduction
in placental weight and placental DNA content [101].
Interestingly, despite a wealth of information highlighting
the importance of polyamines in physiology the transport
mechanisms of these molecules have not been elucidated
in mammals. As a first step in ameliorating IUGR using
intervention strategies we administrated sildenafil citrate
(Viagra) to pregnant sheep, which resulted in increased
fetal growth in both nutrient-restricted and well fed con-
trols [2]. This increase in fetal growth was coordinate with
increased concentrations of amino acids and polyamines
in the amniotic and allantoic fluids as well as the fetal cir-
culation [2]. As sildenafil citrate is not a viable strategy for
production agriculture we performed subsequent studies
with nutritional intervention. Intravenous administrationof arginine similarly prevented IUGR in underfed ewes
and increased percentage of lambs born alive in ewes
carrying multiple fetuses [102-104]. These data indicate
that amino acids and polyamines are essential for en-
hanced fetal growth during maternal undernutrition. It
is hypothesized that arginine could be increasing both
NO for vasodilation as well as providing a substrate for
polyamine production. Further it may play an essential
role in activation of the MTOR cell signaling pathways,
stimulation of placental growth and mediation of pla-
cental blood flow [105].Localization of glucose transporters within the
placentome
A multitude of membrane transporters, primarily those
belonging to the solute carrier (SLC) superfamily, may
be found on the placenta to facilitate nutrient transport
to the fetus. Classification of these transporters is based
on their structure and substrate preference [97,106,107].
Transporter localization at both the maternal and fetal
surfaces for transport across plasma membranes is es-
sential in the delivery of glucose, amino acids, poly-
amines, and other nutrients from maternal circulation to
umbilical circulation [108]. Work in various species,
such as sheep, humans, and rodents, has illustrated the
necessity for placental nutrient transporters throughout
gestation [66,71,77,81,95-97,106,108,109].
A comprehensive microscopy study of ruminant placen-
tomes (including: sheep, goats, cattle and deer) revealed the
specific localization of two primary glucose transporter iso-
forms, SLC2A1 and SLC2A3 [110]. SLC2A1 is expressed
on the inner and outermost membranes of the placenta be-
tween the fetal and maternal endothelia while SLC2A3 is
expressed only by trophoblast microvilli, suggesting that in
order for successful glucose transport between the mother
and the fetus both SLC2A1 and SLC2A3 must be utilized
sequentially [110]. While localization remains consistent,
there is a temporal shift in the abundance of expression of
SLC2A1 and SLC2A3 in the sheep placenta, with SLC2A3
levels increasing late in gestation [111]. The change in rela-
tive levels of glucose transporter expression suggests that
SLC2A3 may play a critical role in mediation of glucose
transport late in ruminant gestation. Interestingly mid-
gestational maternal nutrient restriction does not influence
relative abundance of SLC2A1 nor SLC2A3 mRNA in the
sheep placenta [60]. Lactation also places a strain on the
maternal metabolic system. In the case of lactating dairy
cows, blood glucose levels are lower in comparison to their
non-lactating contemporaries [112]. Regardless of lacta-
tional status, expression of SLC2A1 and SLC2A3 was most
abundant in the placenta as opposed to liver or endometrial
tissues in early gestation, with relative levels of SLC2A3 in
the placenta progressing with pregnancy [112].
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placentome
Although placental blood flow is imperative for optimal
nutrient delivery, expression and/or activity of specific
transporters is the rate limiting step for delivery of many
nutrients, including glucose and amino acids [70,72]. In
both humans and rats, compromised pregnancies are as-
sociated with specific alterations in transporter availabil-
ity and function [77,80]. In rats, maternal dietary protein
deprivation results in down regulation of placental
amino acid transport systems prior to the emergence of
fetal growth restriction [77,81]. The sheep has been a
well-utilized model for investigation of amino acid trans-
porter profile in early gestation [66,95,96] as well as manip-
ulated models of pregnancy [113,114]. The observations in
the literature support results from our laboratory investigat-
ing changes in placentome amino acid transporter expres-
sion over the duration of pregnancy as well as in response
to maternal nutrient restriction. Using an experimental
model developed in our laboratory [102] and methods for
quantification of steady-state mRNA levels previously pub-
lished [102] we investigated expression of the amino acid
transporters shown in Table 1. Our results show that stage
of pregnancy impacts relative expression of multiple amino
acid transporters. Specifically, steady-state mRNA levels of
the large neutral amino acid transporter, SLC7A5, (Figure 1)
demonstrate that expression is impacted by day of preg-
nancy rather than maternal nutrient status. Levels of
SLC7A5 are higher (P < 0.05) at day 50 than at days 100Table 1 Primers utilized for quantitative real-time PCR analys
Target1 Forward/revers primers, (5’→3’)2
SLC7A1 CCTAGCGCTCCTGGTCATCA
GGGCGTCCTTGCCAAGTA
SLC7A2 GCAGAGCAGCGCTGTCTTT
ACTGTCCAGAGTGACGATTTTCC
SLC7A5 GGTGAACCCTGGTACGAATTTAGT
TCCACGCTCGAGAGGTATCTG
SLC7A6 CATTTGTGAACTGCGCCTATGT
CCAGGACCTTGGCATAAGTGA
SLC7A7 TCAGGCTTGCCCTTCTACTTCT
GGAGCCAAAGAGGTCGTTTG
SLC7A8 GGCCATGATCCACGTGAAG
GGGTGGAGATGCATGTGAAGA
SLC38A2 CAGCTATAGTTCCAACAGCGACTTC
CATCGGCATAATGGCTTTTCA
SLC38A4 TGCTTCATGCTTACAGCAAAGTG
CAGCCAGGCGTACCATGAG
1The amplification target.
2The forward and reverse DNA oligos used in the amplification of the target. Forwa
of transcription.
3The accession number to the ovine or bovine sequence that was used during primand 125, with the most abundant level in the nutrient re-
stricted ewes occurring at day 75. Steady-state mRNA levels
of cationic amino acid transporters are shown in Figure 2.
SLC7A2 mRNA levels increased (P < 0.05) in placentomes
from days 50 to 100 and were not impacted by maternal
nutrient restriction. SLC7A6 mRNA levels were higher
(P < 0.05) in placentomes from days 75 and 100 of preg-
nancy as compared to days 50 and 125 (Figure 2).
SLC7A7, SLC7A8, and SLC7A1 mRNA levels in placen-
tomes did not differ (P > 0.10) over the course of gesta-
tion or in response to maternal nutrient restriction.
Unlike the previously described amino acid transporters
a sodium coupled neutral amino acid transporter
(SNAT) SLC38A2 exhibited a day by diet interaction
(Figure 3). Specifically, SLC38A2 mRNA levels in pla-
centomes of well- fed ewes increased from days 50 to
75, decreased to day 100 and then increased again to
day 100 (P < 0.05). In nutrient restricted ewes there was
no difference thoughout the course of gestation. In con-
trast, SLC38A4 mRNA levels in placentomes were not
different (P > 0.10) between groups.
These data suggest that while there is a marked tem-
poral change in expression the impact of maternal nutri-
tion on transporter expression is more subtle. We have
observed in previous studies that the existence of a sub-
population of animals that support normal rates of fetal
growth despite maternal nutrient restriction. This would
suggest the ability of the placenta to adapt, in certain
cases, to maternal nutrient restriction. Specifically thatis
Length of amplicon, bp GenBank accession No3
56 AF212146
62 XM_002698665
64 NM_174613
72 NM_001075937
64 NM_001075151
65 NM_001192889
77 NM_001082424
63 NM_001205943
rd and reverse primers do not necessarily indicate the in vivo direction
er design.
Figure 1 Steady-state mRNA levels of the large neutral amino acid
transporter SLC7A5. Results indicate that mRNA expression of SLC7A
is higher (P < 0.05) in placentomes from ewes on day 50 of
pregnancy as compared to day 100 and 125 and that levels are
similarly greater on day 75 than 125. Columns lacking a similar letter
differ statistically (P < 0.05).
Figure 2 Steady-state mRNA levels of the cationic amino acid
transporters (A) SLC7A2 and (B) SLC7A6 are presented. Results indicate
that mRNA expression of SLC7A2 and SLC7A6 are higher (P < 0.05) in
placentomes from day 100 than day 50. Results also indicate that
SLC7A6 mRNA levels are lower in placentomes from day 125 than 75.
Columns lacking a similar letter differ statistically (P < 0.05).
Figure 3 Steady-state mRNA levels of the sodium coupled neutral
amino acid transporter (SNATs) SL38A2 is presented. Results indicate
that mRNA expression of SLC38A2 is not different from days 50 to
125 in nutrient restricted ewes (P > 0.1), however in placentomes of
well-fed ewes SLC38A2 increases from days 50 to 75, decreases to
day 100 and then increases to day 125 (P < 0.05).
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of maternal undernutrition undergoes an adaptive pla-
cental response that supports development of fetal
weight at a level similar to well fed controls. Indeed,
based on prior observations, our laboratory conducted a
series of studies to identify a population of IUGR and
non-IUGR offspring from a similar cohort of nutrient-
restricted ewes as a first step to assess adaptive mecha-
nisms of placental nutrient transport. Briefly, we have
observed that the range of fetal weights is greater from
ewes receiving only 50% of their NRC requirements than
for ewes fed to meet 100% of their nutrient require-
ments, when confounding variables such as maternal
size, genotype, and fecundity are controlled (Satterfield
and Dunlap, unpublished results). Suggesting that there
is a mechanism by which the placenta adapts to mater-
nal nutrient restriction to support normal versus re-
stricted fetal growth in an outbred population as
opposed to laboratory animals with less heterogeneity.
These results are similar to those observed in beef cattle
whereby maternal nutrient restriction from early to mid
gestation resulted in two distinct groups of IUGR and
non-IUGR fetuses at mid gestation [115]. Those IUGR
pregnancies were also characterized by smaller cotyle-
donary weights and reduced placentomal surface area
[115] which is similar to results of our studies, and fur-
ther supporting a large body of literature indicating that
placental weight is positively correlated with fetal weight.
Further supporting the impact of population variation in
maternal response to undernutrition are studies con-
ducted using the heterogenous population of Western
white-faced ewes adapted to harsh climates. In these
ewes fetal growth to day 78 was not affected by maternal
nutrient restriction [49]. Amino acid and polyamine
concentrations in the fetal circulation of these sheep are
maintained despite maternal nutrient restriction [116].
Dunlap et al. Journal of Animal Science and Biotechnology  (2015) 6:16 Page 8 of 10Assessment of amino acid transporter expression com-
paring the IUGR to non-IUGR pregnancies identified a
number of amino acid transporters that were differen-
tially expressed between the two groups, including
SLC7A6, SLC7A7, SLC7A8, SLC38A2. Expression of
those transporters were greater in IUGR than non-IUGR
pregnancies (Satterfield and Dunlap, unpublished obser-
vations). These data indicate that while amino acids and
polyamines are necessary for fetal growth the mecha-
nisms regulating their transport and utilization may vary
greatly amongst populations.
Conclusions
Optimal fetal growth requires the efficient delivery of
nutrients to the fetus and corresponding removal of
waste products associated with fetal metabolism and
growth. The mechanisms by which fetal nutrient delivery
is achieved are well accepted and include hematotrophic
nutrition, histotrophic nutrition (secretions emanating
from the uterine glands), placental metabolism of sub-
strates for use by the fetus, and the activity of nutrient
transport systems within the placenta. These mecha-
nisms work in concert to provide sufficient quantities of
nutrients to the fetus for growth. Perturbations in any of
these mechanisms have significant impacts on the
growth and well-being of the fetus. Collectively, results
of the presented studies coupled with data from the
existing literature suggests that the placenta is a dynamic
organ, whose form and function can be regulated by a
myriad of factors. Further, results support previous find-
ings from our laboratory and others, and highlight roles
for amino acids and their metabolites in supporting nor-
mal fetal growth and development, as well as the critical
role for amino acid transporters in nutrient delivery to
the fetus. Further research is needed to address a series
of mechanistic questions in order to increase under-
standing of appropriate nutrient delivery to the fetus. In
the case of the adaptive ruminant placenta, is the differ-
ence in fetal growth a response of increased uterine
blood flow, an alteration in early placental development,
an adaptive recruitment of additional nutrient trans-
porters or an increase in their activity, or some combin-
ation of these factors? It is important to utilize such
models for future investigation of placental adaptation
employed in an effort to increase nutrient delivery to the
fetus despite limited maternal nutritional intake.
Abbreviations
IUGR: Intrauterine growth restriction; NRC: National Research Council;
VEGF: Vascular endothelial growth factor; FLT: Vascular endothelial growth
factor receptor −1; KDR: Vascular endothelial growth factor receptor −2;
PI-IUGR: Placental insufficiency intrauterine growth restriction; NO: Nitric
oxide; ODC: Ornithine decarboxylase; MTOR: Mammalian target of rapamycin;
SLC2A1: Solute carrier family 2 member 1; SLC2A3: Solute carrier family 2
member 3; SLC7A2: Solute carrier family 7 member 2; SLC7A5: solute carrier
family 7 member 5; SLC7A6: Solute carrier family 7 member 6;SLC7A7: Solute carrier family 7 member 7; SLC7A8: Solute carrier family 7
member 8; SNAT: Sodium coupled neutral amino acid transporter;
SLC38A1: Solute carrier family 38 member 4; SLC38A4: Solute carrier family
38 member 4.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
KAD and MCS wrote the review. KAD and MCS designed the study. ABK and
JDB performed analysis. MCS, KAD, and ABK read and approved the final
manuscript. All authors read and approved the final manuscript.
Received: 1 August 2014 Accepted: 23 March 2015
References
1. Kwon H, Ford SP, Bazer FW, Spencer TE, Nathanielsz PW, Nijland MJ, et al.
Maternal nutrient restriction reduces concentrations of amino acids and
polyamines in ovine maternal and fetal plasma and fetal fluids. Biol Reprod.
2004;71:901–8.
2. Satterfield MC, Bazer FW, Spencer TE, Wu G. Sildenafil citrate treatment
enhances amino acid availability in the conceptus and fetal growth in an
ovine model of intrauterine growth restriction. J Nutr. 2010;140:251–8.
3. Vonnahme KA, Hess BW, Hansen TR, McCormick RJ, Rule DC, Moss GE, et al.
Maternal undernutrition from early- to mid-gestation leads to growth
retardation, cardiac ventricular hypertrophy, and increased liver weight in
the fetal sheep. Biol Reprod. 2003;69:133–40.
4. Scheaffer AN, Caton JS, Redmer DA, Reynolds LP. The effect of dietary
restriction, pregnancy, and fetal type in different ewe types on fetal weight,
maternal body weight, and visceral organ mass in ewes. J Anim Sci.
2004;82:1826–38.
5. Dickerson GE. Animal size and efficiency: basic concepts. Anim Prod.
1978;27:367–79.
6. Huffman EM, Kirk JH, Pappaioanou M. Factors associated with neonatal
lamb mortality. Theriogenology. 1985;24:163–71.
7. Dwyer CM. The welfare of the neonatal lamb. Small Rumin Res. 2008;76:31–41.
8. Shelton M. Relation of birth weight to death losses and to certain
productive characters of fall-born lambs. J Anim Sci. 1964;23:355–9.
9. Azzam SM, Kinder JE, Nielsen MK, Werth LA, Gregory KE, Cundiff LV, et al.
Environmental effects on neonatal mortality of beef calves. J Anim Sci.
1993;71:282–90.
10. Robinson JJ, Sinclair KD, McEvoy TG. Nutritional effects on foetal growth.
Anim Sci. 1999;68:315–31.
11. Rehfeldt C, Nissen PM, Kuhn G, Vestergaard M, Ender K, Oksbjerg N. Effects
of maternal nutrition and porcine growth hormone (pGH) treatment during
gestation on endocrine and metabolic factors in sows, fetuses and pigs,
skeletal muscle development, and postnatal growth. Domest Anim
Endocrinol. 2004;27:267–85.
12. Ferguson JD. Nutrition and reproduction in dairy herds. Vet Clin Food Anim.
2005;21:325–47.
13. Gluckman PD, Beedle AS, Hanson MA, Low FM. Human growth: evolutionary
and life history perspectives. Nestle Nutr Inst Workshop Ser. 2013;71:89–102.
14. Maulik N, Maulik G. Nutrition, epigenetic mechanisms, and human disease.
New York: CRC Press; 2011.
15. Jobgen WS, Fried SK, Fu WJ, Meininger CJ, Wu G. Regulatory role for the
arginine-nitric oxide pathway in metabolism of energy substrates. J Nutr
Biochem. 2006;17:571–88.
16. Seki Y, Williams L, Vuguin PM, Charron MJ. Minireview: epigenetic
programming of diabetes and obesity: animal models. Endocrinology.
2012;153:1031–8.
17. Low FM, Gluckman PD, Hanson MA. Developmental plasticity and
epigenetic mechanisms underpinning metabolic and cardiovascular
diseases. Epigenomics. 2011;3:279–94.
18. Evertts AG, Zee BM, Garcia BA. Modern approaches for investigating
epigenetic signaling pathways. J Appl Physiol (1985). 2010;109:927–33.
19. Picciano MF. Pregnancy and lactation: physiological adjustments, nutritional
requirements and the role of dietary supplements. J Nutr. 2003;133:1997S–2002.
20. Paterson J, Funston R, Cash D. Forage quality influences beef cow
performance. Feedstuffs. 2002;74:11–2.
Dunlap et al. Journal of Animal Science and Biotechnology  (2015) 6:16 Page 9 of 1021. Hoaglund CM, Thomas VM, Petersen MK, Kott RW. Effects of supplemental
protein source and metabolizable energy intake on nutritional status in
pregnant ewes. J Anim Sci. 1992;70:273–80.
22. Wu G, Bazer FW, Wallace JM, Spencer TE. Board-invited review: intrauterine
growth retardation: implications for the animal sciences. J Anim Sci.
2006;84:2316–37.
23. Guerra-Martinez P, Dickerson GE, Anderson GB, Green RD. Embryo-transfer
twinning and performance efficiency in beef production. J Anim Sci.
1990;68:4039–50.
24. Gootwine E. Variability in the rate of decline in birth weight as litter size
increases in sheep. Anim Sci. 2005;81:393–8.
25. Gootwine E, Spencer TE, Bazer FW. Litter-size-dependent intrauterine growth
restriction in sheep. Animal. 2007;1:547–64.
26. McCrabb GJ, Hosking BJ, Egan AR. Changes in the maternal body and
feto-placental growth following various lengths of feed restriction during
mid-pregnancy in sheep. Aust J Agr Res. 1992;43:1429–40.
27. Kawamura T, Gilbert RD, Power GG. Effect of cooling and heating on the regional
distribution of blood flow in fetal sheep. J Dev Physiol. 1986;8:11–21.
28. Collier RJ, Doelger SG, Head HH, Thatcher WW, Wilcox CJ. Effects of heat
stress during pregnancy on maternal hormone concentrations, calf birth
weight and postpartum milk yield of Holstein cows. J Anim Sci.
1982;54:309–19.
29. Bell AW, McBride BW, Slepetis R, Early RJ, Currie WB. Chronic heat stress and
prenatal development in sheep: I. Conceptus growth and maternal plasma
hormones and metabolites. J Anim Sci. 1989;67:3289–99.
30. Tao S, Dahl GE. Invited review: heat stress effects during late gestation on
dry cows and their calves. J Dairy Sci. 2013;96:4079–93.
31. Thompson IM, Tao S, Branen J, Ealy AD, Dahl GE. Environmental regulation
of pregnancy-specific protein B concentrations during late pregnancy in
dairy cattle. J Anim Sci. 2013;91:168–73.
32. Bazer FW, Spencer TE, Thatcher WW. Growth and development of the ovine
conceptus. J Anim Sci. 2012;90:159–70.
33. Gootwine E. Placental hormones and fetal-placental development. Anim
Reprod Sci. 2004;82–83:551–66.
34. Reynolds LP, Borowicz PP, Vonnahme KA, Johnson ML, Grazul-Bilska AT,
Redmer DA, et al. Placental angiogenesis in sheep models of compromised
pregnancy. J Physiol. 2005;565:43–58.
35. Cross JC, Baczyk D, Dobric N, Hemberger M, Hughes M, Simmons DG, et al.
Genes, development and evolution of the placenta. Placenta. 2003;24:123–30.
36. Furukawa S, Kuroda Y, Sugiyama A. A comparison of the histological
structure of the placenta in experimental animals. J Toxicol Pathol.
2014;27:11–8.
37. Mott JC. Control of the foetal circulation. J Exp Biol. 1982;100:129–46.
38. Mellor DJ, Mitchell B, Matheson IC. Reductions in lamb weight caused by
pre-mating carunclectomy and mid-pregnancy placental ablation. J Comp
Pathol. 1977;87:629–33.
39. Reynolds LP, Biondini ME, Borowicz PP, Vonnahme KA, Caton JS, Grazul-Bilska
AT, et al. Functional significance of developmental changes in placental
microvascular architecture. Endothelium. 2005;12:11–9.
40. Borowicz PP, Arnold DR, Johnson ML, Grazul-Bilska AT, Redmer DA, Reynolds
LP. Placental growth throughout the last two thirds of pregnancy in sheep:
vascular development and angiogenic factor expression. Biol Reprod.
2007;76:259–67.
41. Vonnahme KA, Zhu MJ, Borowicz PP, Geary TW, Hess BW, Reynolds LP, et al.
Effect of early gestational undernutrition on angiogenic factor expression
and vascularity in the bovine placentome. J Anim Sci. 2007;85:2464–72.
42. Reynolds LP, Borowicz PP, Caton JS, Vonnahme KA, Luther JS, Buchanan DS,
et al. Uteroplacental vascular development and placental function: an
update. Int J Dev Biol. 2010;54:355–66.
43. Meyer KM, Koch JM, Ramadoss J, Kling PJ, Magness RR. Ovine surgical
model of uterine space restriction: interactive effects of uterine anomalies
and multifetal gestations on fetal and placental growth. Biol Reprod.
2010;83:799–806.
44. Mossman HA. Vertebrate fetal membranes. New Brunswick, NJ: Rutgers
University Press; 1987.
45. Greenstein JS, Murray RW, Foley RC. Observations on the morphogenesis
and histochemistry of the bovine preattachment placenta between 16 and
33 days of gestation. Anat Rec. 1958;132:321–41.
46. Pfarrer C, Ebert B, Miglino MA, Klisch K, Leiser R. The three-dimensional
feto-maternal vascular interrelationship during early bovine placental
development: a scanning electron microscopical study. J Anat. 2001;198:591–602.47. Lawn AM, Chiquoine AD, Amoroso EC. The development of the placenta in
the sheep and goat: an electron microscope study. J Anat. 1969;105:557–78.
48. Luther JS, Redmer DA, Reynolds LP, Wallace JM. Nutritional paradigms of
ovine fetal growth restriction: implications for human pregnancy. Hum Fertil
(Camb). 2005;8:179–87.
49. Vonnahme KA, Hess BW, Nijland MJ, Nathanielsz PW, Ford SP. Placentomal
differentiation may compensate for maternal nutrient restriction in ewes
adapted to harsh range conditions. J Anim Sci. 2006;84:3451–9.
50. Osgerby JC, Wathes DC, Howard D, Gadd TS. The effect of maternal
undernutrition on the placental growth trajectory and the uterine
insulin-like growth factor axis in the pregnant ewe. J Endocrinol.
2004;182:89–103.
51. Steyn C, Hawkins P, Saito T, Noakes DE, Kingdom JC, Hanson MA.
Undernutrition during the first half of gestation increases the predominance
of fetal tissue in late-gestation ovine placentomes. Eur J Obstet Gynecol
Reprod Biol. 2001;98:165–70.
52. Zhu MJ, Du M, Hess BW, Nathanielsz PW, Ford SP. Periconceptional nutrient
restriction in the ewe alters MAPK/ERK1/2 and PI3K/Akt growth signaling
pathways and vascularity in the placentome. Placenta. 2007;28:1192–9.
53. Reynolds LP, Caton JS, Redmer DA, Grazul-Bilska AT, Vonnahme KA,
Borowicz PP, et al. Evidence for altered placental blood flow and vascularity
in compromised pregnancies. J Physiol. 2006;572:51–8.
54. Rosenfeld CR, Morriss Jr FH, Makowski EL, Meschia G, Battaglia FC.
Circulatory changes in the reproductive tissues of ewes during pregnancy.
Gynecol Invest. 1974;5:252–68.
55. Makowski EL, Meschia G, Droegemueller W, Battaglia FC. Measurement of
umbilical arterial blood flow to the sheep placenta and fetus in utero.
Distribution to cotyledons and the intercotyledonary chorion. Circ Res.
1968;23:623–31.
56. Pfarrer CD, Ruziwa SD, Winther H, Callesen H, Leiser R, Schams D, et al.
Localization of vascular endothelial growth factor (VEGF) and its receptors
VEGFR-1 and VEGFR-2 in bovine placentomes from implantation until term.
Placenta. 2006;27:889–98.
57. Regnault TR, Orbus RJ, de Vrijer B, Davidsen ML, Galan HL, Wilkening RB,
et al. Placental expression of VEGF, PlGF and their receptors in a model of
placental insufficiency-intrauterine growth restriction (PI-IUGR). Placenta.
2002;23:132–44.
58. Alexander G. Studies on the placenta of the sheep (Ovis Aries L.).
Effect of surgical reduction in the number of caruncles. J Reprod Fertil.
1964;7:307–22.
59. Reynolds LP, Redmer DA. Utero-placental vascular development and placental
function. J Anim Sci. 1995;73:1839–51.
60. McMullen S, Osgerby JC, Milne JS, Wallace JM, Wathes DC. The effects of
acute nutrient restriction in the mid-gestational ewe on maternal and fetal
nutrient status, the expression of placental growth factors and fetal growth.
Placenta. 2005;26:25–33.
61. Thomas DM, Clapp JF, Shernce S. A foetal energy balance equation based
on maternal exercise and diet. J R Soc Interface. 2008;5:449–55.
62. Mayhew TM, Ohadike C, Baker PN, Crocker IP, Mitchell C, Ong SS.
Stereological investigation of placental morphology in pregnancies
complicated by pre-eclampsia with and without intrauterine growth restriction.
Placenta. 2003;24:219–26.
63. Trahair JF, Harding R. Restitution of swallowing in the fetal sheep restores
intestinal growth after midgestation esophageal obstruction. J Pediatr
Gastroenterol Nutr. 1995;20:156–61.
64. Bloomfield FH, van Zijl PL, Bauer MK, Harding JE. Effects of intrauterine
growth restriction and intraamniotic insulin-like growth factor-I treatment
on blood and amniotic fluid concentrations and on fetal gut uptake of
amino acids in late-gestation ovine fetuses. J Pediatr Gastroenterol Nutr.
2002;35:287–97.
65. Ross MG, Nijland MJ. Development of ingestive behavior. Am J Physiol.
1998;274:R879–93.
66. Gao H, Wu G, Spencer TE, Johnson GA, Li X, Bazer FW. Select nutrients in
the ovine uterine lumen. I. Amino acids, glucose, and ions in uterine
lumenal flushings of cyclic and pregnant ewes. Biol Reprod. 2009;80:86–93.
67. Sagawa N, Nishimura T, Ogawa M, Inouye A. Electrogenic absorption of
sugars and amino acids in the small intestine of the human fetus. Membr
Biochem. 1979;2:393–404.
68. Bazer FW. Allantoic fluid: regulation of volume and composition. In: Brace RA,
Ross MG, Robillard JE, editors. Reproductive and perinatal medicine. Vol. 11:
fetal and neonatal body fluids. Ithaca: Perinatology Press; 1989. p. 135–55.
Dunlap et al. Journal of Animal Science and Biotechnology  (2015) 6:16 Page 10 of 1069. Kwon H, Spencer TE, Bazer FW, Wu G. Developmental changes of amino
acids in ovine fetal fluids. Biol Reprod. 2003;68:1813–20.
70. Regnault TR, Marconi AM, Smith CH, Glazier JD, Novak DA, Sibley CP, et al.
Placental amino acid transport systems and fetal growth restriction–a workshop
report. Placenta. 2005;26(Suppl A):S76–80.
71. Battaglia FC. In vivo characteristics of placental amino acid transport and
metabolism in ovine pregnancy–a review. Placenta. 2002;23(Suppl A):S3–8.
72. Jones HN, Powell TL, Jansson T. Regulation of placental nutrient transport–a
review. Placenta. 2007;28:763–74.
73. Fowden AL, Ward JW, Wooding FB, Forhead AJ. Developmental
programming of the ovine placenta. Soc Reprod Fertil Suppl. 2010;67:41–57.
74. Carver TD, Hay Jr WW. Uteroplacental carbon substrate metabolism and O2
consumption after long-term hypoglycemia in pregnant sheep. Am J
Physiol. 1995;269:E299–308.
75. Ross JC, Fennessey PV, Wilkening RB, Battaglia FC, Meschia G. Placental
transport and fetal utilization of leucine in a model of fetal growth
retardation. Am J Physiol. 1996;270:E491–503.
76. Wallace JM, Milne JS, Aitken RP. The effect of overnourishing singleton-
bearing adult ewes on nutrient partitioning to the gravid uterus. Br J Nutr.
2005;94:533–9.
77. Jansson N, Pettersson J, Haafiz A, Ericsson A, Palmberg I, Tranberg M, et al.
Down-regulation of placental transport of amino acids precedes the
development of intrauterine growth restriction in rats fed a low protein diet.
J Physiol. 2006;576:935–46.
78. Jansson T, Powell TL. Placental nutrient transfer and fetal growth. Nutrition.
2000;16:500–2.
79. Belkacemi L, Nelson DM, Desai M, Ross MG. Maternal undernutrition
influences placental-fetal development. Biol Reprod. 2010;83:325–31.
80. Jansson T, Powell TL. IFPA 2005 award in placentology lecture. Human
placental transport in altered fetal growth: does the placenta function as a
nutrient sensor? – a review. Placenta. 2006;27(Suppl A):S91–7.
81. Malandro MS, Beveridge MJ, Kilberg MS, Novak DA. Effect of low-protein
diet-induced intrauterine growth retardation on rat placental amino acid
transport. Am J Physiol. 1996;271:C295–303.
82. Regnault TR, de Vrijer B, Battaglia FC, Meschia G, Wilkening RB. Relationship
of transplacental oxygen gradient, fetal lactate concentration and amino
acid uptake in fetal growth restriction. J Soc Gynecol Investig. 2004;11:A823.
83. Hay Jr WW. Placental-fetal glucose exchange and fetal glucose metabolism.
Trans Am Clin Climatol Assoc. 2006;117:321–39. discussion 339–340.
84. Wen HY, Abbasi S, Kellems RE, Xia Y. mTOR: a placental growth signaling
sensor. Placenta. 2005;26(Suppl A):S63–9.
85. Kim J, Song G, Wu G, Bazer FW. Functional roles of fructose. Proc Natl Acad
Sci U S A. 2012;109:E1619–28.
86. Stipanuk MH, Watford M. Amino acid metabolism. In: Stipanuk MH, editor.
Biochemical and physiological aspects of human nutrition. Philadelphia: W.
B. Saunders; 2000. p. 233–86.
87. Flynn NE, Meininger CJ, Haynes TE, Wu G. The metabolic basis of arginine
nutrition and pharmacotherapy. Biomed Pharmacother. 2002;56:427–38.
88. Wu G, Morris Jr SM. Arginine metabolism: nitric oxide and beyond. Biochem
J. 1998;336(Pt 1):1–17.
89. Wu G, Self JT. Amino acids: metabolism and functions. In: Pond WG, Bell AW
(eds.), Encyclopedia of Animal Science. New York: Marcel Dekker; 2004.
90. Reynolds LP, Redmer DA. Angiogenesis in the placenta. Biol Reprod.
2001;64:1033–40.
91. Sladek SM, Magness RR, Conrad KP. Nitric oxide and pregnancy. Am J
Physiol. 1997;272:R441–63.
92. Bird IM, Zhang L, Magness RR. Possible mechanisms underlying pregnancy-
induced changes in uterine artery endothelial function. Am J Physiol Regul
Integr Comp Physiol. 2003;284:R245–58.
93. Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in the
ovine uterine lumen. VI. Expression of FK506-binding protein 12-rapamycin
complex-associated protein 1 (FRAP1) and regulators and effectors of
mTORC1 and mTORC2 complexes in ovine uteri and conceptuses. Biol
Reprod. 2009;81:87–100.
94. Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in the
ovine uterine lumen. V. Nitric oxide synthase, GTP cyclohydrolase, and
ornithine decarboxylase in ovine uteri and peri-implantation conceptuses.
Biol Reprod. 2009;81:67–76.
95. Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in the
ovine uterine lumen. IV. Expression of neutral and acidic amino acidtransporters in ovine uteri and peri-implantation conceptuses. Biol Reprod.
2009;80:1196–208.
96. Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in the
ovine uterine lumen. III. Cationic amino acid transporters in the ovine uterus
and peri-implantation conceptuses. Biol Reprod. 2009;80:602–9.
97. Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in the
ovine uterine lumen. ii. glucose transporters in the uterus and peri-implantation
conceptuses. Biol Reprod. 2009;80:94–104.
98. Wang X, Frank JW, Little DR, Dunlap KA, Satterfield MC, Burghardt RC, et al.
Functional role of arginine during the peri-implantation period of pregnancy.
I. Consequences of loss of function of arginine transporter SLC7A1 mRNA in
ovine conceptus trophectoderm. FASEB J. 2014;28:2852–63.
99. Lopez-Garcia C, Lopez-Contreras AJ, Cremades A, Castells MT, Marin F,
Schreiber F, et al. Molecular and morphological changes in placenta and
embryo development associated with the inhibition of polyamine synthesis
during midpregnancy in mice. Endocrinology. 2008;149:5012–23.
100. Pendeville H, Carpino N, Marine JC, Takahashi Y, Muller M, Martial JA, et al.
The ornithine decarboxylase gene is essential for cell survival during early
murine development. Mol Cell Biol. 2001;21:6549–58.
101. Ishida M, Hiramatsu Y, Masuyama H, Mizutani Y, Kudo T. Inhibition of
placental ornithine decarboxylase by DL-alpha-difluoro- methyl ornithine
causes fetal growth restriction in rat. Life Sci. 2002;70:1395–405.
102. Satterfield MC, Dunlap KA, Keisler DH, Bazer FW, Wu G. Arginine nutrition
and fetal brown adipose tissue development in nutrient-restricted sheep.
Amino Acids. 2013;45:489–99.
103. Lassala A, Bazer FW, Cudd TA, Datta S, Keisler DH, Satterfield MC, et al.
Parenteral administration of L-arginine prevents fetal growth restriction in
undernourished ewes. J Nutr. 2010;140:1242–8.
104. Lassala A, Bazer FW, Cudd TA, Datta S, Keisler DH, Satterfield MC, et al.
Parenteral administration of L-arginine enhances fetal survival and growth
in sheep carrying multiple fetuses. J Nutr. 2011;141:849–55.
105. Wu G, Bazer FW, Satterfield MC, Li X, Wang X, Johnson GA, et al. Impacts of
arginine nutrition on embryonic and fetal development in mammals.
Amino Acids. 2013;45:241–56.
106. Grillo MA, Lanza A, Colombatto S. Transport of amino acids through the
placenta and their role. Amino Acids. 2008;34:517–23.
107. Bazer FW, Gao H, Johnson GA, Wu G, Bailey DW, Burghardt RC. Select
nutrients and glucose transporters in pig uteri and conceptuses. Soc Reprod
Fertil Suppl. 2009;66:335–6.
108. Battaglia FC, Regnault TR. Placental transport and metabolism of amino
acids. Placenta. 2001;22:145–61.
109. Coan PM, Vaughan OR, Sekita Y, Finn SL, Burton GJ, Constancia M, et al.
Adaptations in placental phenotype support fetal growth during
undernutrition of pregnant mice. J Physiol. 2010;588:527–38.
110. Wooding FB, Fowden AL, Bell AW, Ehrhardt RA, Limesand SW, Hay WW.
Localisation of glucose transport in the ruminant placenta: implications for
sequential use of transporter isoforms. Placenta. 2005;26:626–40.
111. Ehrhardt RA, Bell AW. Developmental increases in glucose transporter
concentration in the sheep placenta. Am J Physiol. 1997;273:R1132–41.
112. Lucy MC, Green JC, Meyer JP, Williams AM, Newsom EM, Keisler DH. Short
communication: glucose and fructose concentrations and expression
of glucose transporters in 4- to 6-week pregnancies collected from
Holstein cows that were either lactating or not lactating. J Dairy Sci.
2012;95:5095–101.
113. Regnault TR, de Vrijer B, Galan HL, Wilkening RB, Battaglia FC, Meschia G.
Umbilical uptakes and transplacental concentration ratios of amino acids in
severe fetal growth restriction. Pediatr Res. 2013;73:602–11.
114. Wali JA, de Boo HA, Derraik JG, Phua HH, Oliver MH, Bloomfield FH, et al.
Weekly intra-amniotic IGF-1 treatment increases growth of growth-restricted
ovine fetuses and up-regulates placental amino acid transporters. PLoS One.
2012;7:e37899.
115. Long NM, Vonnahme KA, Hess BW, Nathanielsz PW, Ford SP. Effects of early
gestational undernutrition on fetal growth, organ development, and
placentomal composition in the bovine. J Anim Sci. 2009;87:1950–9.
116. Jobgen WS, Ford SP, Jobgen SC, Feng CP, Hess BW, Nathanielsz PW, et al.
Baggs ewes adapt to maternal undernutrition and maintain conceptus
growth by maintaining fetal plasma concentrations of amino acids. J Anim
Sci. 2008;86:820–6.
